The complete version of Moscow NN potential by Kukulin, Vladimir I. et al.
ar
X
iv
:n
uc
l-t
h/
99
03
05
6v
1 
 2
3 
M
ar
 1
99
9
The complete version of Moscow NN potential
Vladimir I. Kukulin, V. N. Pomerantsev,
Institute of Nuclear Physics, Moscow State University, 119899 Moscow, Russia
and Amand Faessler
Institute for Theoretical Physics, University of Tu¨bingen, Auf der Morgenstelle 14,
D-72076 Tu¨bingen, Germany
Abstract
A complete version of the Moscow NN potential model is presented. The
excellent description for all essential partial waves has been found in the en-
ergy range 0 – 350 MeV. The one-channel version of the model includes the
orthogonality condition to most symmetric six-quark states in all lowest par-
tial waves and thus, from this point of view, the model generalizes the well
known Saito’s orthogonality condition model (OCM) for the baryon-baryon
interaction case. The specific features of the presented model which distin-
guish it from many conventional force models are discussed in details. One
of them is a specific tensor mixing between nodal and nodeless wavefunctions
which results in very reasonable values of the OPE cut-off parameter Λ = 0.78
GeV and the piNN -coupling constant value f2 = 0.075 in nice agreement with
modern trends. The model, in case of its confirmation in precise few-nucleon
calculations, can lead to noticeable revisions for many nuclear properties given
by conventional force models.
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I. INTRODUCTION
In spite of the great progress attained recently in the construction of the modern realistic
NN -potentials of second generation, based on the concept of improved one- and two-meson
exchange [1–4], a large number of unsolved problems are still left in the field. The majority
of the problems here is related to description of the short-range part of NN -interaction
and to the quantitative description of few-nucleon systems [5–9]. In particular, one of the
basic problems is connected with the consistent incorporation of gluon- and quark-exchange
degrees of freedom and their ”matching” with the meson-exchange concept.
One of the most fundamental difficulties here is how to avoid double counting of the same
effects in the gluon- and meson-exchange sectors of the unified interaction. Another basic
problem is the fact the true six-quark microscopic Hamiltonian is presently unknown. While
some effective three-quark Hamiltonians which include chiral symmetry breaking and con-
finement [10–12] have been developed to describe the baryon spectra, there is no guarantee
that the same Hamiltonians can also be applied for six- (and multi) quark systems.
Recently [5–9] some fundamental problems have also been found in the consistent de-
scription of few-nucleon and meson-few-nucleon systems. On the one hand, the numerous
calculations made in recent years for quark-effects in various few-nucleon observables [13,14]
have shown, in general, quite moderate contributions of such effects at low energies and
momentum transfers [13–16]. On the other hand, however, quite remarkable disagreements
between the data and the most accurate three- and four-nucleon calculations have been
found [5–8]. They probably can be ascribed to an improper treatment of the quark degrees
of freedom. This follows from the fact that the above mentioned few-nucleon calculations
do include 3N-force and ∆-isobar effects together with the most realistic NN interactions,
i.e. they include, to our current knowledge, all essential contributions.
Thus, developing a quantitative NN -interaction which includes properly both quark- and
meson exchange effects and is, on the other hand, not so difficult to handle and complicated
as those NN models derived from multiquark Hamiltonians, is still very topical. Besides, in
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view of our insufficient knowledge of the accurate six-quark Hamiltonian, the theory must
be constructed in a manner to avoid features of QCD which presently can not be handled
with confidence, e.g. in particular the qq interaction, the form of confinement (e.g. linear
or quadratic) etc. At the same time, however, it is highly desirable to incorporate into the
interaction model some general reasoning about the preferred symmetry of the six-quark
system in various NN channels, about the characteristic size of six-quark states etc. In such
a case the conclusions derived from the model will result mainly from general symmetry
requirements and general structure of the model etc. rather than some particular choice of
parameters for the qq interaction, or for the particular law of confinement etc.
We will demonstrate in the present work that only a few basic assumptions are quite
sufficient for the derivation of such a hybrid model. On this basis quark effects in the few-
nucleon physics can be described more reliably. Our consideration is based on the assumption
(which is common for all hybrid models) that both nucleons merge somehow their quark
contents at short ranges into different six-quark states dependent on the partial wave, the
energy and the total spin. While at intermediate and large distances where the nucleons do
not overlap noticeably with each other the interaction mechanism is governed by one-meson
exchange (which was just the original Yukawa idea about the origin of strong interaction
[17,18]). This is a common basis of all hybrid models and one model is distinguished from
other one by the way of matching of inner quark- and external meson-exchange channels. E.g.
in hybrid models due to Kisslinger [19] and Simonov [20], the matching of both channels is
done at some arbitrarily chosen hypersphere with radius R, although the matching conditions
in both models [19,20] are quite different.
In a sharp contrast to such hybrid models we prefer to do this matching in the Hilbert
space of the six-quark states with different symmetries, where every such a state is con-
structed from single-particle harmonic oscillator (h.o) quark orbits [21–23]. Thus, in ac-
cordance to this idea we subdivide a total Hilbert space H of the six-quark states on two
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mutually orthogonal subspaces HP and HQ:
H = HQ +HP .
In the first subspace HQ we include six-quark states with highest possible spatial sym-
metry, where one has a maximal overlap of the single-quark orbitals. Whereas the six-quark
states with a lower spatial symmetry are placed in its orthogonal complementary subspace.
The most symmetrical states can be shown to have the structure which is rather similar to
compound states in a spherical or weakly deformed bag. On the other hand the states of
lower symmetry include a few p-quark orbitals like s4p2, s3p3 etc. and these mixed sym-
metry states, being projected out onto NN -channel (of unexcited nucleons), result into the
nodal NN -radial wavefunctions [21]. Accordingly, their structure is analogous to clusterized
peripheral states.
On the basis of above considerations and also of other arguments of symmetry character
we have suggested in the previous works [24–28] a two- component model for baryon-baryon
interaction with two mutually orthogonal channels. Then, by subsequent exclusion of six-
quark compound states one comes to an effective one-channel potential model of Moscow
type, in which a deep NN -potential well includes as its eigenstates the most symmetrical
six-quark states (to be more precise, their projections onto the NN -channel). As a result
of combining two different components into one channel for the effective interaction, the
orthogonality condition between NN scattering states and localized six-quark states in such
a model is satisfied automatically due to the hermiticity of the Hamiltonian. In a consistent
realization of such a program the wavefunctions of the NN -relative motion in the ”external”,
i.e. clusterized channel are generally not to be related to the six-quark wavefunctions in the
”inner” channel. Moreover, it is very likely they should be wavefunctions belonging to quite
different Hamiltonians. The underlying dynamics of the most symmetric six-quark states
must be very tightly interrelated to specific chromodynamic effects such as quark- and gluon
condensates, instantons, breaking chiral invariance etc. whereas the external channel should
be describable in terms of meson-exchange.
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Thus, these two different channels can hardly be described consistently by a unified
Hamiltonian (at least, on the up-to-date level of our knowledge for low-energy QCD). The
price to perform technically this description is a different dynamics in the multiquark- and
meson-exchange channels1. And hence it is highly desirable to employ for these two compo-
nents a two-channel model with mutually orthogonal channels.
This reasoning justifies our model from the physical point of view. Moreover, its real
success in description of NN partial amplitudes demonstrated in the present paper allows
to justify the model a posteriori!
The structure of the work is as follows. In the Section II we present our approach for
the construction of the two-component hybrid model of NN -interaction and its interrela-
tion to possible dibaryons. In the Section III we present a realization of the generalized
orthogonality-condition model (GOCM). In Section IV the above GOCM is constructed and
the structure of the one-channel potential is discussed. Section V is devoted to a quanti-
tative description of NN -phase shifts in the energy range 0 – 350 MeV. We give here also
the effective-range parameters and a detailed discussion of the structure of the deuteron. In
Section VI we discuss specific nonconventional interference and tensor mixing between nodal
and nodeless wavefunctions and the cut-off parameters for the meson-exchange potentials
at short range. And finally, the main results of the work are summarized in the Section
VII. In the Appendix we give the formulas for our interaction model in the momentum
representation.
1It should be emphasized that in currently developed models of baryons in which the qq− inter-
action is described via one-meson exchange [10,21] these one-meson degrees of freedom are nothing
else but effective degrees of freedom. Thus, these degrees of freedom in multiquark system will be
somehow different from those in three-quark system.
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II. A HYBRID MODEL WITH ORTHOGONAL COMPONENTS
The nucleon-nucleon interaction at large and intermediate distances is well known and
can be described by meson-exchange potentials [2,4]. The internal nucleon degrees of freedom
(quark and gluon ones, if we start from the quark model for nucleon) do not show up in
this approach. However, when the nucleons come closer than ∼1 fm, a transition of the NN
system into other channels arises, i.e. the internal nucleon degrees of freedom begin to be
of crucial importance. As a dynamic model, e.g., a six-quark bag model can be used.
However we still have no full dynamic model describing all possible states of the two-
nucleon system. Therefore we divide the full Hilbert space H (including both nucleonic and
non-nucleonic degrees of freedom) into two orthogonal subspaces [24–28]:
H = HNN ⊕H6q (1)
These subspaces must be orthogonal because the dynamics in them is essentially different:
one of them - HNN - includes only nucleonic degrees of freedom and meson - exchange
dynamics, whereas the other, named H6q, includes 6q-model dynamics (or QCD-inspired
dynamics). Accordingly to (1) we introduce two mutually orthogonal projection operators
PNN and P6q. It is important that the (unknown) full Hamiltonian of the system does
not commutate with PNN and P6q and contains transitions between the NN - and the 6q-
channels.
If we suppose the existence of a full Hamiltonian H obeying the 6q Schro¨dinger equation:
Hψ = Eψ
one can easily obtain, following Feshbach [29], the effective Hamiltonian for NN -component:
ψNN ≡ PNNψ (2)
PNNHPNNψNN + PNNHP6q[P6q(E −H)P6q]−1P6qHPNNψNN = EψNN (3a)
P6qψNN = 0 (3b)
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In accordance with these ideas the effective nucleon-nucleon Hamiltonian hNN ≡
PNNHPNN includes only meson-exchange potentials:
hNN = PNNHPNN = t+ v
ME (4)
The second term in eq. (3a) is an effective potential which couples NN - and 6q-channels
and will be designated further as vNqN . With these notations, the effective equation with
orthogonality condition (3b) takes the form:
(hNN + vNqN )ψNN = EψNN (5a)
P6qψNN = 0 (5b)
As an effective wavefunction in NN -channel ψNN one can naturally use the resonating
group ansatz (RGA):
ψNN = A(ϕNϕN χ˜NN ),
in which ϕN is the nucleon wavefunction and χ˜NN is the wavefunction for the NN -relative
motion obeying the orthogonality constraint (3b).
The approach above formulated can be considered as a general formal framework for the
hybrid model of the NN interaction. The parameters of vNqN can be determined from the
underlying six-quark Hamiltonian [21,22], if one assumes that the effective qq interaction
is the same in 3q- and 6q-systems, or by fitting the NN -scattering phase shifts. (A quite
similar procedure has been used, e.g., in the quark compound bag model due to Simonov
[20].)
There are two essential differences in our approach from other hybrid models. These are
the orthogonality condition in eqs. (5) and the structure of total Hamiltonian. It should
be emphasized that equations (3) and (5) are fundamentally different. Eqs. (3) is formally
derived from the full Schro¨dinger equation by means of the identity transformations. The
orthogonality condition does not play a role in eq. (3a) except at E=0. On the contrary,
the eqs. (5) are model equations, which don’t involve the full Hamiltonian H . Therefore
the presence of the orthogonality condition (5b) is absolutely necessary.
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III. TWO-COMPONENT MODEL IN FRAME OF CONSTITUEUENT QUARK
MODEL AND MOSCOW POTENTIAL
To fill the general scheme (5) with a microscopic content it is necessary to use some
approximation for the full Hamiltonian H . This can be done in the frame of the constituent
quark model (see e.g. our previous paper [27]). Symmetry considerations allowed to identify
the subspace H6q. It consists out of square integrable functions ψ6q describing the lowest
6q-bag states with maximal spatial symmetry: |s6[6] > for S-waves and |s5p[51] > for P -
waves.
This choice of H6q can be justified by several independent reasons [23–28]. E.g., recent
chiral model calculations [30] have shown that the structure of fully symmetric 6q states
|s6[6] >, in contrast to the mixed symmetry states as |s4p2[42] >, cannot be described by
the cluster RGM-ansatz and that they are quite similar to the shell-model ground states
of magic nuclei. However, the most conclusive argument in favor of the s separation of
6q-states with high and low symmetry arises from our general understanding of quantum
chromodynamics, where the effective interactions must essentially depend on number and
type of quarks. Moreover, if we assume, that some effective bosonisation of initial QCD-
degrees of freedom occurs in the peripheral area of nucleon and thus this bosonic mode is an
important component of interquark interaction [10] one can conclude, taking into account
a highly nonlinear character of such bosonization, chiral meson fields must play a crucial
role in the dynamics of the six-quark configurations. Such chiral fields should stabilize
strongly these six-quark components of interaction. Thus, by approximating the Q-space
Green function [P6q(E −H)P6q] with one pole at E = E6q one gets a separable form for the
potential vNqN
vNqN = PNN |H|ψ6q > (E − E6q)−1 < ψ6q|H|PNN (6)
where
E6q =< ψ6q|H|ψ6q >
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As a projection operator onto the NN -channel one can employ a respective operator
taken from the resonating group method (RGM):
PNN = A|ψNψN > N−1 < ψNψN |A (7)
where ψN is the three - quark function of the nucleon, A is the antisymmetrizer, and N is
the overlap kernel:
N =< ψNψN |A|ψNψN > (8)
With this choice of the projection operator PNN , the model equation (5) becomes a two-body
effective Schro¨dinger equation for the orthogonalized relative motion wave function χ˜(R)
(
TR + V
ME + 10
|f >< f |
E −E6q
)
χ˜ = Eχ˜ (9a)
< g|χ˜ >= 0 (9b)
in which
< R|f >≡ f(R) =< ψ6q|H|ψNψN > (10)
< R|g >≡ g(R) =< ψ6q|ψNψN > . (11)
In a good approximation one can take a delta-function for the overlap kernel N (R,R′)
[21,22]:
N (R,R′) ≃ 1
10
δ(R−R′). (12)
We emphasize once again that eq. (9a) with the orthogonality condition (9b) is not
equivalent to the full six-quark Schro¨dinger equation Hψ = Eψ. Actually we suppose we
know only individual parts of the full Hamiltonian:
- subHamiltonian hNN = tR + v
ME, acting in the subspace HNN and describing the
meson-exchange interaction between unexcitable nucleons, and
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- other subHamiltonian H6q, describing the lowest states in 6q-bag (in given case H6q =∑
E6q|ψ6q >< ψ6q|).
Thus the full six-quark Hamiltonian is needed only for determination of coupling between
the subspaces in eq.(6). In this model the 6q-bag functions ψ6q are not eigenfunctions of the
full Hamiltonian (otherwise [P6q, H ] = 0 and vNqN ≡ 0). Moreover, it is obvious that the
sum of the projectors PNN (7) and P6q =
∑ |ψ6q >< ψ6q| is not unity in the full six-quark
space H. Therefore, eq. (9) cannot be formally deduced from the full Schro¨dinger equation
and the orthogonality condition (9b) proves to be necessary.
The effective two-nucleon equation (9a) provides the basis for developing the local and
nonlocal parts of NN -interaction models of Moscow type. The main point here is just the
orthogonality condition (in S- and P -waves), which results in appearance of nodes in NN -
scattering wave functions, the positions of the nodes being do not depend on energy (at least
up to laboratory energies ENN ∼1 GeV). The term vNqN provides an additional attractive
interaction at E < E6q. It has been shown in previous papers [24–28], that the phase shifts
and nodal behavior of wave functions typical for eq. (9) are well reproduced by a deep local
attractive potential with an extra bound state and the respective orthogonality condition
constraint. So, from this point of view, the NN -interaction model, known today as Moscow
potential, is the simplest local model which ensures the orthogonality between the scattering
wave functions and the most symmetric 6q states |s6[6] > projected onto the NN -channel.
However the situation for P -waves turns out to be already different. Attempts to achieve
a satisfactory description of the phase shifts by using a local attractive potential failed for
these partial waves [25]. Therefore, one needs to use the general orthogonality condition
model (GOCM) presented here.
IV. STRUCTURE OF THE POTENTIAL
Here we give the full version of the NN potential model with the additional orthogonality
condition in S- and P -waves. The potential is an effective one-component approximation to
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the two-component model, described in the previous section. Actually we have replaced the
nonlocal term VNqN (attractive at low energies) in eq. (9) by an additional local attractive
well.
The total interaction is however highly nonlocal due to the presence of the S- and P -wave
projection operators which are employed in order to take into account the orthogonality con-
dition (9b). As a result we do not require locality, this means we have a weaker interrelation
between the orthogonality condition and the form of the attractive well. This decoupling of
the attractive potential from the orthogonality condition improves essentially the approach.
In particular, the quality of the fits for P -waves gets more accurate than in the old-fashioned
Moscow model with eigenprojection [24–26]. Besides the matrix eigenstate projector in cou-
pled 3S1 − 3D1 channels, as was demonstrated in our previous paper [27], can be replaced
quite accurately by a scalar one-channel projector.
In order to use a potential with the orthogonality conditions in few-body calculations,
one has to add the projection operator with a very large positive coupling constant to the
local part of the potential, in all S- and P partial waves [27].
For the sake of uniformity and convenience we include similar separable terms, but with
finite coupling constants, also in some other partial waves (D and F ). These terms replace
the standard spin-orbital part of the interaction (for even-parity waves) and reduce partially
a strong attraction due to the central part of the local potential. In fact, these separable
terms imitate a short-range repulsion generated by ω-meson exchange2. We include also the
tensor interaction which couples partial waves with angular momenta l and l ± 2. It can
be quite accurately described by a truncated OPE-potential in all partial waves with the
channel coupling being determined by a truncation parameter.
In the present version of Moscow potential we have replaced the Gaussian form of the
2It should be emphasized here that the ω-exchange terms in traditional meson-exchange models
are highly nonlocal due to form factors and energy- and momentum dependence.
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central potential which have been used in all previous versions of the model [24–26,31] by an
exponential one. We have found the exponential form gives a more satisfactory description
of the phase shifts, in particularly for the 3S1 − 3D1-channel (see also the refs. [32]).
Thus, the model potential consists out of three parts:
vNN = v
loc
M + v
OPE + vsep (13)
where the local exponent well vlocM depends on the channel spin and parity:
vlocM (r) = V0 exp(−βr) + (sl)V ls0 exp(−β1r). (14)
In the state-dependent separable part
vsep = λ|ϕ >< ϕ| (15)
a Gaussian form factor < r|ϕ >= ϕ(r) is used:
ϕ(r) = Nrl+1 exp
(
−1
2
(
r
r0
)2)
(16)
with normalization condition
∫
ϕ2dr = 1. The integer l labels the partial waves.
For the one-pion-exchange part of the potential the standard form with a dipole form
factor is chosen:
vOPE(k) =
f 2pi
m
1
k2 +m2
(
Λ2 −m2
Λ2 + k2
)2
(σ1k)(σ2k)
(τ 1τ 2)
3
(17)
With such a form factor choice the OPE tensor potential vanishes at the origin as it
should. In the coordinate representation the OPE-potential has the form:
vOPE(r) =
(τ 1τ 2)
3
f 2pi
4pi
m
(
fC(r)(σ1σ2) + fT (r)Sˆ12
)
(18)
where the tensor operator
Sˆ12 =
(σ1r)(σ2r)
r2
− (σ1σ2)
3
; (19)
and
12
fC(r) = (exp(−x)− exp(−αx))/x− (α2 − 1)α/2 exp(−αx); (20)
fT (r) = exp(−x)/x(1 + 3/x+ 3/x2)− α3 exp(−αx)/(αx)(1 + 3/(αx) + 3/(αx)2)
− (α2 − 1)α/2 exp(−αx)(1 + 1/(αx)); (21)
x = mr; α = Λ/m. (22)
We use here the averaged pion mass m = (mpi0 + 2mpi±)/3 and the averaged value of
pion-nucleon coupling constant f 2pi/(4pi) = 0.075 as we don’t wish to deal with the difference
between np and pp isovector phase shifts in the present work.
Thus only three free parameters V0, β, and α are left for the local part of interaction
for each combination of spin and parity in addition to two parameters r0 and λ of the
separable term in each channel. It should be noted that only some of the values r0 and λ are
independent free parameters (for D- and F -waves). Values of λ for S- and P -waves must
go to infinity (in real calculations the value of λ ∼ 105 − 106 MeV is quite enough). Values
for r0 for these channels are related to the local attractive well (for the local potential, the
requirement of the best approximation for eigen bound state by Gaussian (16) defines r0
uniquely). Thus, we have totally 32 parameters of the potential (and the value of piNN
coupling constant) giving a very good description of all N − N partial waves (except of
some high l channels) in the wide energy range 0 − 400 MeV. The number of parameters
almost coincides with that for most recent version of the Nijmegen N−N potential [2]. The
parameters for the present version of our NN potential are given in Tables I-II.
V. DESCRIPTION OF PHASE SHIFTS AND DEUTERON STRUCTURE
The potential parameters as given in Tables I-II were determined by fitting the Nijmegen
phase shifts (PWA93) [1]. In Figs. 1-3 the recent SAID phase shifts (SP97) [33] are also
presented for comparison. As can be seen from the Figures, some discrepancy between the
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results of both phase shift analyses (PSA) exist, especially for some partial phase shifts.
With applications to few-nucleon problems in mind we tried to reproduce with maximal
accuracy the 1S0 and
3S1− 3D1 phase shifts and the values of the scattering length and the
effective range.
A. Singlet partial wave channels
The description of singlet n−p phase shifts for both even- and odd parities is illustrated
on Fig.1. It is evident from the Figure that the quality of fit to the data of recent phase
shift analysis is quite good, especially for the Nijmegen PSA-results. E.g. the fits in 1S0 and
1P1 channels are almost perfect. The quality of fits can be estimated quantitatively from
the Table IV for these channels. The average deviations for all singlet channels are only
0.1 − 0.2% excepting the 1G4-channel where the discrepancy with PSA-data is largest and
around 1%.
Also there is a problem in precise description of the singlet effective range r0 (see the
Table III). We used as ”experimental” the value r0 presented in compilation of Dumbrajs
et all of 1983 (see footnote to the Table III). However, in view of the very good agreement
of our phase shifts with the Nijmegen PSA for 1S0-channel one could conclude that the
disagreement for r0 should be really much reduced.
B. The even-parity waves
The S-wave potential turns out, as is in the previous versions of Moscow potential [27],
to be strongly attractive. The Gaussian (15) with the range parameter r0, included in the
orthogonality condition (9b), is close to the eigenfunction of the ground ”forbidden” state
in the potential. In other words, we obtain for S-waves actually almost a local poten-
tial. However, for the 3S1 − 3D1 channel (and also for all triplet coupled channels) we use,
strictly speaking, non-eigenstate one-channel projector, as in [27], in order to avoid a more
complicated two-channel eigenprojector.
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We do not introduce here a spin-orbital potential for even partial waves in an explicit
form because it cannot be determined by PSA-data for 3S1 − 3D1 channel, and the role of
spin-orbital potential for higher even-parity partial waves is played by the term vsep.
It should be kept in mind here that the complete two-channel version of our model
includes in the proper NN -channel one-meson exchange interaction terms (in a subspace
orthogonal to symmetric six-quark compound states). Thus, in the two-channel model, the
spin-orbit terms should be described by a conventional meson-exchange model. However in
the effective one-channel model presented here the separable state-dependent spin-orbit in-
teraction in even-parity channels is inavoidable to compensate partially the strong attractive
potential in the S-wave.
The effective range parameters for singlet and triplet S-wave channels are given in
Table III. Among all the calculated phase shifts the maximal disagreement with PWA93
(though not large) is observed for the tensor mixing parameter ε1.
C. The triplet odd-parity waves
In the accordance to the microscopic quark picture, the orthogonality to the bag-like
functions |s5p[51] > must be included for all P -waves. However, if we shall look at the
behaviour of ”experimental” P -wave phase shifts at energies up to 500 MeV we shall not
find any repulsion in the 3P2 channel, because the corresponding phase shifts are purely
positive until the energies ∼1 GeV. There is no repulsive core for this channel also in the
majority of the conventional realistic NN potentials. But if we look to the phase shifts at
high energies (see Fig. 4) one can observe a repulsion appearing in all three triplet P -waves,
while 3P2-phase shifts becoming negative only at energies higher 1 GeV. From the point of
view of the constraints imposed by the orthogonality condition, this means the function to
which the 3P2 scattering function is orthogonal is much more narrow than that for other
P -wave channels, 3P0 and
3P1.
It is interesting that fitting the 3P2-wave at energies up to 350 MeV enables us already
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to determine the range parameter r0 of the projector (see Table II). The inclusion of the
projector improves appreciably the description of the phase shifts up to 350 MeV. An attempt
to reproduce the 3P2-phase shift using a purely attractive potential with ”extra” bound state
results in a very deep (∼15 GeV) potential and an unsatisfactory quality of the description.
Besides, such a deep potential is not suitable for description of the 3P0 and
3P1 phase shifts.
That is why we have waived in the present version from the concept of a local Moscow model
for P -waves.
So, for odd partial waves we have a rather small attractive well (∼220 MeV) and orthog-
onality to the non-eigen bound states for local part of potential. It might mean the size of
six-quark bag in P -waves should be smaller than in 3S1 and
1S0 waves. One notices here
that the range parameters of the projectors for the 3P0 and
3P1-channels (r0 ≈ 0.32 fm) are
almost coinciding with each other. As is seen from Fig. 4, attraction for some odd higher
partial waves with L = J (3F3 and
3H5) is noticeably deficient in the given version of the
model.
Unlike the even partial waves, we used a more conventional local spin-orbit potential for
odd partial waves (see eq.( 14)) because the usage of the separable spin-orbital form is not
convenient to describe the splitting of P -phase shifts.
It would be rather instructive to estimate the averaged relative difference of phase shifts
predicted by the Moscow model and the recent phase shift analysis [1] using the criterion of
relative difference or the respective absolute difference measured in radians:
εrel =
1
N
N∑
i=1
∣∣∣∣∣
δpotJSl,i − δPSAJSl,i
δPSAJSl,i
∣∣∣∣∣
2
(23)
χ2JSl =
1
N
N∑
i=1
∣∣∣δpotJSl,i − δPSAJSl,i∣∣∣2 , (24)
where δpotJSl,i and δ
PSA
JSl,i are partial phase shifts in the channels JSl at the energy Ei for the
Moscow model and Nijmegen phase shift analysis respectively. The Table IV presents the
values of εrel and χ
2
JSl for all considered JSl-channels. It is evident from the Table the
average deviation of phase shifts predicted by the Moscow model and recent PSA is very
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small and around 0.2 − 0.4%. It means that the description of NN -observables with the
presented force model should be very good.
D. Deuteron structure
The accurate description of the deuteron structure offers an additional strong test for any
nuclear force model. Many deuteron properties, even in the static limit, depend sensitively
on the behaviour of the NN force at intermediate and short ranges [15], especially on the
D-wave contribution. For example, with the first version of the present force model [31],
we found an impressive agreement with experimental data for all crucial D-wave deuteron
observables like Qd, AS, AD/AS. But this early model included a node not only in the S-wave
but also in the D-wave. This extra node in D-wave was a consequence of a very short-range
truncation of the OPE tensor force [31] which contradicts somehow the microscopic picture
of the underlying interactions (e.g. according to the wide-spread opinion [34] the OPE tensor
force cannot penetrate deeply inside the two-nucleon overlap region).
Hence, in subsequent versions of the model [26–28], a more soft cut-off factor has been
employed which resulted in the disappearance of the D-wave node. As an immediate con-
sequence of the softer truncation in the OPE tensor force the D-wave deuteron observables
have become close to the values predicted by conventional force models, i.e. the values of η
and Qd are a little bit underestimated (see Table V). Nevertheless the node in the S-wave
and the strong attractive S-wave potential, tightly related to this, results in a very specific
interference between S- and D-wave components and a specific character of tensor mixing
(see Section VI).
The values of deuteron observables for three versions of our force model are presented
in Table V while the pattern of the deuteron wave functions is displayed on Fig. 5. One
can see on the Figure the short-range maximum in the D-wave almost disappears for the
current version of the force model while this maximum in the S-wave gets rather reduced.
It is interesting to note the D-wave amplitude in the current version of the model (solid
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line) is a little bit lower than in the previous versions (dashed and dot-dashed lines) due to
a smaller value of the derivative of the D-wave component near the S-wave node (∼ 0.53
fm). While the asymptotic behaviour of the S-wave looks almost perfect (see values of AS
in Table V).
Thus we can conclude from the deuteron results presented in this Section that the short-
range part of the tensor force needs to be a bit improved. Careful inspection of the Table V
shows unambiguously the general good agreement for the deuteron parameters found with
the sharply different force models such as Nijmegen and Moscow potentials. The values for
the deuteron observables are a result of some general properties (like OPE tail) and of the
NN phase-shifts used for fitting only and essentially do not depend on the details of the
force at short ranges3.
VI. SPECIFIC INTERFERENCE BETWEEN TENSOR AND CENTRAL
FORCES AND THE piNN COUPLING CONSTANT IN THE MOSCOW FORCE
MODEL
We included this specialized Section to the present work in order to emphasize a specific
character of interference between tensor and central forces in the Moscow force model. This
interference will be shown below to be very advantageous in some aspects as compared
to the traditional force models. The main difference between our and traditional models
as concerned to wave function form is the nodal character of the S-wave deuteron and
scattering wavefunctions and the practically nodeless character of the D-wave functions.4
3Certainly this conclusion may be invalid for non-static, e.g. energy-dependent or multicomponent
force models.
4The very small inner maximum in the D-state wavefunction in the present version (see the
solid lines on the Figs. 6a-6b) can be ignored in any calculation if we do not consider very high
momentum transfer.
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We will show here that the specific tensor mixing between the S-wave state with a node and
the almost nodeless D-wave state results in a remarkably different ε1-behavior. We compare
the D-wave observables with the results of traditional models.
First of all we emphasize here that the best fit for NN phase shifts is attained in our
case with a very reasonable value for the OPE cut-off parameter Λdip = 0.78 GeV (we used
here the dipole form factor), see eq.(17). This soft cut-off parameter is in nice agreement
with both experimental results and with all theoretical estimations made in pi-N dynamics
[33–37]. It should be contrasted with a statement formulated in [38, p.232] for traditional
OBE-force model: ”...a value of 1.3 GeV is a lower limit for Λpi”. The conventional OBEP
model with Λ = 0.78 GeV gives the extremely low values for Qd = 0.238 fm
2, the ratio
D/S = 0.0233 and PD = 2.4% [38] which should be compared to the respective values for
our force model (see Table V).
In despite of the ”soft” value of Λ, the D-wave deuteron properties in our model (see
Table V in Sect. V) are in a rather good agreement with the experimental data, being
remarkably better than the respective predictions of the traditional force models with the
same Λ value. We note, in passing, that the harder truncation with Λ ≃ 1.3 ÷ 1.7 GeV
is usually taken in the traditional force model just in order to fit reasonably the deuteron
properties and the tensor mixing parameter (see below).
The second important point in the story is related to the mixing parameter ε1. In fact,
in order to reach a reasonable agreement with the recent phase shift analysis data for the
ε1-mixing parameter [1,33] the Λ-value must be taken also around 1.5 ÷ 1.7 GeV [38] (see
Fig. 6) while the same agreement with the experimental ε1 is reached in our model using a
much more soft Λ = 0.78 GeV. This sharp difference from the traditional force models can
be ascribed to a different character of mixing between S- and D-waves in our model.
Some additional confirmation comes from the value of piNN -coupling constant obtained
in our model. We choose here the Nijmegen force model as a good representative of the
traditional NN potentials (see, the Table V). Two above models include practically the
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same values for the piNN (charged) coupling constants (f 2piNN = 0.075 in our case
5 and
f 2pi±NN = 0.0748 for Nijmegen potential). The latter fact is very important because the D-
wave characteristics are directly related to the piNN coupling constant. In this respect our
model appears to corroborate the smaller value of g2piNN ≃ 13.60 advocated by the Nijmegen
group [1,2].
The two nice features of our model discussed above, i.e. the soft cut-off parameter Λ and
low value of piNN coupling constant, are in agreement with modern trends and lend strong
support to our model.
VII. CONCLUSION
The force model presented in this paper differs in a few important aspects from tra-
ditional NN interaction models currently in use. First of all the Moscow two-component
model includes two mutually orthogonal quark- and meson-exchange channels. This channel
orthogonality leads to many differences from the traditional force models. In particular it
requires a node in low partial waves with the node position almost independent on the rela-
tive energy in a wide energy range (≤ 1 GeV). The nodal behaviour of wave functions is also
preserved for the one-channel model presented here. The node in the NN wave functions
results in an enhancement of high momentum components and a strong increase of the aver-
age kinetic energy in the deuteron and in all few-nucleon systems. This increase of the inner
kinetic energy leads to significant enhancement of higher angular momentum components
in nuclei and nuclear matter and also for many particular nuclear processes [27,28] like pi-
meson absorption and scattering in the ∆-resonance region etc. This strong enhancement of
high-momentum components in N −N system as compared to any traditional N −N force
model may be seen e.g. in hard bremsstrahlung process pp → ppγ [39] at Ep = 300 MeV
5The value corresponds to the charged coupling constant because we considered first of all the pn
scattering phase shifts.
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and higher at small forward and backward angles θγ of γ-emission. To make the compar-
ison with traditional repulsive core models most unambiguously the authors [39] did their
bremsstrahlung calculations with both the Moscow model (in its previous version [26]) and
its exact phase-shift equivalent supersymmetrical partner. Thus, such a comparison removes
any questions on the possible on-shell origin of disagreements observed.
Redistribution of higher partial waves along Jacoby coordinates leads e.g. to a notice-
able enhancement of the P -wave attraction for N + d and N + 2α systems [27,40]. The
long-standing puzzle of the analyzing power Ay in low energy N + d scattering is explained
by insufficient attraction in just the N − d relative motion P -wave [5,6]. The apparent
discrepancies for n + 3H elastic and n + 3He → d + d rearrangement low-energy scattering
observed recently [8] appear to have to be explained also by insufficient attraction in the
n + 3H(3He) P -wave [7,8]. Such enhancement of higher partial wave contributions to near-
threshold- and low-energy processes in few-nucleon and few-cluster physics when replacing
the deep Moscow-type potential (including extra bound states) with its SUSY-partner po-
tential - which is exact phase-shift equivalent - is a sequence of some very general algebraic
properties of kinetic energy operator in different coordinate systems and is disconnected at
all to any small variations in the on-shell properties of various N − N potential models of
current use.
The second crucial point in the development of Moscow NN force model is the important
role of the six-quark components with maximal possible symmetry. We showed recently that
the coupling of the meson-exchange NN channel to the six-quark component can be strong
enough to represent adequately the intermediate-range NN attraction. In turn, this fact
leads to quite remarkable contributions of such six-quark configurations in nuclear bound
and low-excited states. If so, it may require some strong revision for many nuclear properties
as given by traditional force models (e.g. the meson-exchange current contributions). Thus
the strongest test for the new model may offer few-nucleon calculations for the analyzing
power Ay in the n+ d and p+ d low-energy scattering, for the analyzing power Ay in p+ d
radiative capture reaction and for the p + d intermediate energy elastic scattering cross
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sections (so called the Sagara puzzle [6,7]). Hence the careful comparison of the predictions
for few-nucleon systems using the Moscow force and more traditional NN interactions may
be extremely interesting.
Acknowledgments.
We are thankful to many our colleagues for fruitful discussions on the topics of the present
study, especially to Profs. Steven Moszkowski and V. G. Neudatchin, Dr. A. Buchmann and
Dr. I. T. Obukhovsky. We are also grateful to Dr. S. Dubovichenko for careful checking our
deuteron calculations. The Russian authors thank the Russian Foundation for Fundamental
Research (grant No.97-02-17265) and the Deutsche Forschungsgemeinschaft (grant No. Fa-
67/20-1) for partial financial support.
22
REFERENCES
[1] V. G. J. Stoks, R. A. M. Klomp, M. C. M. Rentmeester, and J. J. de Swart, Phys. Rev.
C48, 792 (1993).
[2] V. G. J. Stoks and J.J. de Swart, Phys. Rev. C47, 512 (1993); Phys. Rev. C49, 2950
(1994).
[3] R. B. Wiringa, V. G. J. Stocks and R. Schiavilla, Phys. Rev. C51, 38 (1995).
[4] M. Lacombe, B. Loiseau, J. M. Richard, R. Vinh Mau, J. Cote, P. Pires and R. de Tour-
reil, Phys. Rev. C21, 861 (1980); Phys. Lett. B101, 139 (1981).
[5] H. Witala and W. Glo¨ckle, Nucl. Phys. A528, 48 (1991); H. Witala, D. Hu¨ber and W.
Glo¨ckle, Phys. Rev. C49, R14 (1994); see especially the invited talk by L. D. Knutson
at FB97 (Nucl. Phys. A631, 9c (1998)).
[6] Proceedings of XV International Conf. on Few-Body Problems in Physics, Groningen,
The Netherlands, 1997, edited by J. C. S. Bacelar et al., Nucl. Phys. A631, 1c-820c
(1998).
[7] Proceedings of 16th European Conf. on Few-Body Problems in Physics, 1998, Autrans,
to be published as Supplement to Few-Body Systems.
[8] A. C. Fonseca, How ”Realistic” N − N Interactions Fail to Describe dd → p3H Data,
in: Book of Contributions, 16th European Conf. on Few-Body Problems in Physics,
Autrans, 1998, p. 59.
[9] T. Sato, T.-S. H. Lee, F. Myhrer and K. Kubodera, Phys. Rev. C56, 1246 (1997).
[10] L. Ya. Glozman and D. O. Riska, Physics Reports 268, 263 (1996);
L. Ya. Glozman, Z. Papp and W. Plessas, Phys. Lett. 381B, 311 (1996).
[11] N. Isgur and G. Karl, Phys. Rev. D18, 4187 (1978); D19, 2653 (1979).
23
[12] M. Birse and M. Banerjee, Phys. Rev. D31, 118 (1985).
[13] M. Beyer, D. Drechsel and M. Giannini, Phys. Lett. 122B, 1 (1983).
[14] K. Maltman, Nucl. Phys. A439, 648 (1985).
[15] A. Buchmann, H. Henning and P. U. Sauer, Few-Body Systems 21, 149 (1996).
[16] A. Buchmann, Y. Yamauchi and A. Faessler, Nucl. Phys. A496, 621 (1989).
[17] H. Yukawa, Proc. Phys.-Math. Soc. (Japan) 17, 48 (1935).
[18] H. Yukawa and S. Sakata, Proc. Phys.-Math. Soc. (Japan) 17, 397 (1935); 19, 1084
(1937).
[19] L. S. Kisslinger, Phys. Lett. 112B, 307 (1982).
[20] Yu. A. Simonov, Nucl. Phys. A463, 231c (1984); Yad. Fiz. (Sov. J. Nucl. Phys.) 39,
1542 (1983).
[21] A. M. Kusainov, V. G. Neudatchin and I. T. Obukhovsky, Phys. Rev. C44, 2343 (1991).
[22] M. Oka and K. Yazaki, Nucl. Phys. A402, 477(1983);
K.Bra¨uer, A. Faessler, F. Fernandez and K. Shimizu, Z.Phys. A320, 609(1985);
S. Kuyucak and A. Faessler, Phys. Lett. 169B, 128 (1986).
[23] Y. Yamauchi and M. Wakamatsu, Nucl. Phys. A457, 621 (1986).
[24] Kukulin V.I., Krasnopol’sky V.M. and Pomerantsev V.N. In: Book of Proceedings,
LIYaF Conf. on N Nucleon-Nucleon and Hadron-Nucleus Interactions at Intermediate
Energies, Leningrad, 1986, pp. 103-109.
[25] V. M. Krasnopolsky, V. I. Kukulin and V. N. Pomerantsev, Izvestia Akad. Nauk SSSR
(Proceeds. of Ac. Sci. USSR) ser. phys. 51, 898 (1987).
[26] V.I.Kukulin and V.N.Pomerantsev, Progr. Theor. Phys. 88, 159 (1992).
24
[27] V.I. Kukulin, V. N. Pomerantsev, A. Faessler, A. J. Buchmann and E. M. Tursunov,
Phys. Rev. C57, 535 (1998).
[28] V. I. Kukulin and V. N. Pomerantsev, Nucl. Phys. A631, 456-460c (1998).
[29] H. Feshbach, Ann. Phys. (N.Y.) 19, 287 (1962).
[30] Fl. Stancu, S. Pepin, L. Ya.Glozman, Phys. Rev. C56, 2779 (1997).
[31] V. I. Kukulin, V. M. Krasnopolsky, V. N. Pomerantsev and P. B. Sazonov, Phys. Lett.
B135, 20 (1984); B165, 7 (1985).
[32] S. B. Dubovichenko, Yad. Fiz. (Physics of Atomic Nuclei) 60, 499 (1997)(in Russian);
60, 704 (1997) (in Russian).
[33] R. A. Arndt et al., NN phase shift analysis of 1997 (SM97), SAID; R. A. Arndt, L. D.
Roper, R. L. Workman and M. W. McNaughton, Phys. Rev. D45, 3995 (1992).
[34] T. E. O. Ericsson and W. Weise. Pions and Nuclei. Clarendon Press, Oxford, 1988.
[35] V. G. Neudatchin, N. P. Yudin, L. L. Sviridova, Yad. Fiz. (Physics of Atomic Nuclei)
60, 2028 (1997) (in Russian).
[36] R. Machleidt, Karl Holinde and Ch. Elster, Phys. Rep. 149, 1 (1987).
[37] R.J. Loucks, V.R. Pandharipande and R. Schiavilla, Phys. Rev. C49, 342 (1994).
[38] R. Machleidt, Adv. Nucl. Phys. 19, 189 (1989).
[39] V. G. Neudatchin, N.A. Khokhlov, A.M. Shirokov and V.A. Knyr, Yad. Fiz. (Physics
of Atomic Nuclei) 60, 971 (1997) (in Russian).
[40] V. T. Voronchev, V. I. Kukulin, V. N. Pomerantsev and G . G. Ryzhikh, Few-Body
Systems 18, 191 (1995).
[41] N.L. Rodning and L.D. Knutson, Phys. Rev. A41, 898 (1990).
25
APPENDIX: MOSCOW POTENTIAL IN MOMENTUM SPACE
The K-matrix defined as
2iMqKˆ =
1 + Sˆ
1− Sˆ (A1)
( M is the reduced mass while q is a linear momentum) obeys the partial-wave Lippmann-
Schwinger equation:
Kˆ(q′, q) = Vˆ (q′, q) +
2
pi
P
∫
k2dk
Vˆ (q′, k) Kˆ(k, q)
E − k2/2M (A2)
where P means the principal value integral. The elements of matrix Vˆ in eq.(2) are equal
to the partial-wave momentum-space potential in lSJ basis (up to factor 1/4pi):
Vl′l(q
′, q) =
1
4pi
< (l′S)J |V (q− q′)|(lS)J >, (A3)
where V (q) is related to V (r) by a standard Fourier transformation:
V (q) =
∫
e−i(qr)V (r)dr (A4)
Here we give explicit formulas for all terms of the present version of Moscow potential
Vl′l(q
′, q) in momentum space (in MeV−2).
1. Local part of Moscow potential V locll′
V locll′ = δll′
{
V0β˜
2(qq′)2
Fl(
q2 + q′2 + β˜2
2qq′
) + [J(J + 1)− l(l + 1)− 3/4] V
ls
0 β˜1
2(qq′)2
Fl(
q2 + q′2 + β˜21
2qq′
)
}
(A5)
where the parameters β˜ and β˜1 are given in MeV:
β˜ = β · h¯c, β˜1 = β1 · h¯c .
Fl is being the derivative of the second kind Legendre function:
Fl(x) = − d
dx
Ql(x); Ql(x) =
1
2
∫ 1
−1
dz Pl(z)
x− z (A6)
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2. Separable terms of the potential
In momentum space the separable terms with Gaussian form factors (15,16) have the
same form as in the coordinate space:
V sepll′ (q, q
′) = δll′ λ
pi
2
ϕl(q)ϕl(q
′), (A7)
where
ϕl(q) =
(
2l+2
(2l + 1)!!
√
pi
r˜2l+30
)1/2
ql exp(−q
2r˜20
2
). (A8)
Here the normalization condition
∫
ϕ2l (q)q
2dq = 1 is assumed and the factor pi/2 is related
to the integration measure used in eq.(A2), and r˜0 is given in MeV
−1:
r˜0 = r0/(h¯c).
3. The OPE potential with dipole truncation
For the sake of reader’s convenience we give also the known formulas for OPE matrix
elements.
a) The central part of OPE potential:
(V OPEc )ll′(q, q
′) = δll′
(τ 1τ 2)
3
(σ1σ2)
f 2pi
4pi
1
2qq′
{
Ql(x)−Ql(y)− Λ
2
m2pi
(y − x)Fl(y)
}
. (A9)
Here and below
x =
q2 + q′2 +m2pi
2qq′
, y =
q2 + q′2 + Λ2
2qq′
. (A10)
b) The tensor part of OPE potential for triplet uncoupled channels with l = J :
(V OPEten )JJ(q, q
′) =
(τ 1τ 2)
3
f 2pi
4pi
1
m2pi
{
q2 + q′2
qq′
GJ − 2J + 3
2J + 1
GJ−1 − 2J − 1
2J + 1
GJ+1
}
(A11)
where the function Gl is introduced as follows:
Gl(q, q
′) = Ql(x)−Ql(y)− (y − x)Fl(y) (A12)
and x and y are defined by eq.(A10)
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c) The tensor part of OPE potential for coupled channels with l = J ± 1:
(V OPEten )J−1,J−1(q, q
′) =
(τ 1τ 2)
3
f 2pi
4pi
1
m2pi
J − 1
2J + 1
{
q2 + q′2
qq′
GJ−1 − 2J + 1
2J − 1GJ−2 −
2J − 3
2J − 1GJ
}
(A13)
(V OPEten )J+1,J+1(q, q
′) =
(τ 1τ 2)
3
f 2pi
4pi
1
m2pi
J + 2
2J + 1
{
q2 + q′2
qq′
GJ+1 − 2J + 5
2J + 3
GJ − 2J + 1
2J + 3
GJ+2
}
(A14)
(V OPEten )J−1,J+1(q, q
′) =
(τ 1τ 2)
3
f 2pi
4pi
3
m2pi
√
J(J + 1)
2J + 1
{
2GJ − q
′
q
GJ−1 − q
q′
GJ+1
}
(A15)
(V OPEten )J+1,J−1(q, q
′) = (V OPEten )J−1,J+1(q
′, q) (A16)
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TABLES
TABLE I. Parameters of local part of the potential
spin singlet singlet triplet triplet
parity even odd even odd
α 6.08671 6.08671 6.08671 4.3160
V0 -4346.19 -1767.26 -4567.12 -223.63
β 3.49366 2.84152 3.81272 2.4959
V ls0 -591.1
β1 3.4688
TABLE II. Parameters of projectors and separable parts of the potential
State λ, MeV r0, fm
1S0 ∞ 0.3943
1P1 ∞ 0.5550
1D2 107.2 0.4527
1F3 182.6 0.5191
3S1 ∞ 0.3737
3D2 161.2 0.4695
3D3 588.2 0.3572
3G4 2.74 0.8077
3P0 ∞ 0.3209
3P1 ∞ 0.3226
3P2 ∞ 0.1632
3F4 5.447 0.6221
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TABLE III. Effective-range parameters for the potential variant given in Tables 1 - 2
a, fm r0, fm
theory experiment theory experiment
triplet 3S1 5.422 5.419(7)
a 1.754 1.754(8)a
singlet 1S0 23.74 -23.748(10)
b 2.66 2.75(5)b
aS. Klarsfeld, J. Martorell, and D.W.I. Sprung, J.Phys. G: Nucl.Phys. 10, 165 (1984)
bO. Dumbrajs et al, Nucl.Phys. B216, 277 (1983)
TABLE IV. Accuracy of fitting of phase shifts
channel 1S0
1P1
1D2
1F3
1G4
1H5
3S1
3D1
εrel
a 0.007504 0.000527 0.002113 0.000197 0.012030 0.001802 0.004524 0.000867
χ2 per pointb 0.005282 0.001731 0.000627 0.000008 0.000200 0.000055 0.005595 0.003922
channel ε1
3D2
3D3
3G3 ε3
3G4
3P0
3P1
εrel 0.006816 0.000022 0.034310 0.027256 0.023088 0.001451 0.000184 0.000455
χ2 per point 0.000843 0.000007 0.000856 0.004545 0.013887 0.000029 0.000186 0.003596
channel 3P2
3F2 ε2
3F3
3F4
3H4 ε4
3H5
εrel 0.003874 0.010679 0.007830 0.017762 0.007590 0.021424 0.010617 0.026970
χ2 per point 0.018245 0.000123 0.000693 0.001413 0.000279 0.000004 0.000042 0.000155
aεrel =
1
N
∑N
k=1(
δpot
JSl,k
−δPSA
JSl,k
δPSA
JSl,k
)
2
b 1
N
∑N
k=1(δ
pot
JSl,k − δPSAJSl,k)
2
(in radians)
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TABLE V. Deuteron parameters for conventional and Moscow NN potentials
model Ed (MeV) PD (%) rm (fm) Qd (fm
2) µd (µN ) AS (fm
−1/2) D/S Dloop
a
RSCb 2.22461 6.47 1.957 0.2796 0.8429 0.8773 0.0262
Nijm 93 2.224575 5.754 1.966 0.2706 0.8429 0.8844 0.02524
Moscow 86b 2.22444 6.57 1.966 0.2862 0.8422 0.8838 0.0268 0.53
Moscow 98bd 2.22440 5.75 1.954 0.2708 0.8470 0.8746 0.0259 0.30
presentc 2.22456 5.65 1.967 0.2731 0.8476 0.8845 0.0255 0.08
experiment 2.224575(9) 1.9660(68) 0.2859(3) 0.857406(1) 0.8846(16) 0.0256(1)e
aDloop is the relative amplitude of the D-wave maxima, i.e the absolute value of the ratio of the
first and second maximum of the deuteron D-component.
bThe value h¯2/2m = 41.47 MeV·fm2 has been used (m = 938.978 MeV).
cThe value h¯2/2m = 41.47107 MeV·fm2 is used (m = 938.918 MeV).
dUnfortunately, in our previous work [27] only rounded values for potential parameters are given
in the Table III. The deuteron parameters cited in [27] (for variant B) do not correspond to the
rounded potential parameters cited in Table III of ref. [27]. We thank Dr. S.B. Dubovichenko who
has attracted our attention to this disagreement and give here the exact values for variant (B) of
Ref. [27]: VO = −1329.18 MeV, η = 2.2959 fm−2, α = 1.8835 fm−1.
eThe present value is taken from [41]
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Figure captions
Fig.1. The comparison of spin-singlet phase shifts for the present version of Moscow
NN potential with the data of the recent energy-dependent phase-shift analyses: PWA93
[1] (circles) and SAID97 [33] (triangles).
Fig.2. The spin-triplet even-parity phase shifts for the present version of Moscow NN
potential. The data of the energy-dependent phase-shift analyses are: PWA93 [1] (circles)
and SAID97 [33] (triangles).
Fig.3. The spin-triplet odd-parity phase shifts for the present version of Moscow NN
potential. The data of the energy-dependent phase-shift analyses are: PWA93 [1] (circles)
and SAID97 [33] (triangles).
Fig.3. (Continued.)
Fig.4. The spin-triplet P -wave phase shifts in a wider energy region: the data of energy-
dependent phase-shift analysis SAID97 [33] (solid lines) and predictions for present version
of Moscow NN potential (dashed lines).
Fig.5a. The deuteron S-wave and D-wave functions for present (solid lines) and previous
versions ( [25] – dashed lines and [27, variant B] – dot-dashed lines) of the NN Moscow-type
potential. The deuteron wave functions calculated with the RSC potential (dotted lines) are
shown for comparison.
Fig.5b Short-distance zoom of Fig. 5a (see caption to the Fig. 5a).
Fig.6. The energy dependence of the mixing parameter ε1 for different values of cut-off
parameter Λ corresponding to conventional (dashed lines) and present (solid lines) force
models.
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